1. Introduction {#sec0005}
===============

Cadmium (Cd) has no known function in higher organisms, although it is found in a low-molecular weight metal-binding protein, metallothionein (MT), in some animals. MTs can also bind with other divalent metal ions, such as Cu^2+^ and Zn ^2+^ \[[@bib0005]\]. Cd is found in CDCA1 in the marine diatom *Thalassiosira weissflogii*, which is responsible for carbonic anhydrase activity \[[@bib0010]\]. Cd usually exists in the oxidation state Cd(II) (Cd^2+^), but Cd(I) (Cd^1+^) has also been observed \[[@bib0015]\]. Cd^2+^ generates hydroxyl radicals by hydrogen peroxide reduction using a Cd-liberated transition metal, presumably iron \[[@bib0020]\]. In addition, exposure to sub-lethal concentrations of Cd has been shown to increase the amount of reactive oxygen species in zebrafish liver tissues \[[@bib0025]\]. Furthermore, exposure to waterborne Cd has been shown to induce oxidative stress in the brain, ovary, and liver of zebrafish \[[@bib0030]\]. Cd also caused lymphocytic infiltration and fatty degeneration in the liver of zebrafish \[[@bib0035]\].

Both Cu and Cd cause oxidative stress in biological systems. Copper (Cu) is an essential micronutrient which serves as catalytic cofactor in cytochrome c oxidase and superoxide dismutase \[[@bib0040]\]. Free Cu ions catalyse the formation of free radicals *via* the Fenton reaction \[[@bib0045]\]. Mitochondria are potent producers of cellular superoxide, and mitochondrial superoxide generates carbon-centred radicals that initiate lipid peroxidation \[[@bib0050]\]. Acute Cu exposure in zebrafish has been found to induce the expression of the oxidative stress related genes cytochrome c oxidase-17 and catalase \[[@bib0055]\]. Lipid peroxidation end-products, such as malondialdehyde (MDA), play a key role in oxidative stress \[[@bib0060]\].

Cells have devolved systems to deal with oxidative stress. Superoxide dismutase (SOD1 and SOD2) converts superoxide into oxygen and hydrogen peroxide (H~2~O~2~) \[[@bib0065],[@bib0070]\]. The copper chaperone for superoxide dismutase (CCS) specifically restores SOD1 biosynthesis \[[@bib0075]\]. Catalase (CAT) catalyses the conversion of H~2~O~2~ to molecular oxygen and water \[[@bib0080]\]. Glutathione reductase (GR) catalyses the reduction of oxidised glutathione into reduced glutathione (GSH), an important antioxidant that scavenges free radicals and reduces oxidative stress \[[@bib0085]\]. Glutathione S-transferases (GSTs) catalyse the conjugation of glutathione to electrophilic compounds to generate less reactive and more soluble products \[[@bib0090]\].

Vitamin E is a well-known antioxidant \[[@bib0095]\] (alpha-, beta-, gamma- and delta-tocopherol). In particular, the most active form of vitamin E, alpha-tocopherol, is known to scavenge peroxyl radicals \[[@bib0100]\]. One study showed that a low dose (50 μM) of alpha-tocopherol played a protective role against oxidative stress in cell culture \[[@bib0105]\].

*N*-Acetyl-Cysteine (NAC) is another well-known antioxidant \[[@bib0110]\]. One study investigated the 2.0 mM NAC and 200 μM α-tocopherol improved viability, approximately 40 % and 20 % respectively, against oxidative stress created by advanced glycation end products in SH-SY5Y cells \[[@bib0115]\]. NAC was reported to enhance endogenous coenzyme Q~9/10~ levels, resulted in protecting against diabetes-induced cardiac injury \[[@bib0120]\]. NAC is also a well-known drug to treat patients with acute liver failure, and could protect the uterine tissue against sodium arsenite-induced oxidative stress in rats \[[@bib0125]\].

As Cu is an essential ion, a comprehensive biological system exists to balance Cu ion concentration. Notably, four proteins, namely CTR1, ATOX1, ATP7A and ATP7B, are the main regulators of Cu homeostasis \[[@bib0130]\]. CTR1 is a one way channel that imports Cu^+^ into the cell \[[@bib0040],[@bib0135]\]. ATOX1 transports Cu^2+^ from the cytosol to the trans-Golgi network, where it is delivered to ATP7A or ATP7B, which are involved in the incorporation of Cu^+^ in copper-dependent enzymes \[[@bib0140],[@bib0145]\]. ATP7A, except in the liver, and ATP7B in the liver are also involved in the excretion of excess intracellular Cu^+^ \[[@bib0150]\]. Notably, no such system has been found for the regulation of Cd, which enters cells *via* other divalent metal ion transporters, such as ECaC, DMT1 and ZIP8 \[[@bib0155]\]. One study that evaluated the role of multidrug resistance protein 1 (MDR1) in Cd transport in kidney-derived cell lines found that MDR1 could eliminate Cd from the cells \[[@bib0160],[@bib0165]\]. Cd toxicity is reportedly caused by cellular Cd transport *via* essential metal pathways \[[@bib0170]\].

Cu in macrophages, Cd in the liver and kidneys \[[@bib0025],[@bib0165], [@bib0170], [@bib0175]\], and lipid degradation products have been shown to induce apoptosis \[[@bib0180]\]. Apoptosis results from the activation of a series of caspases. Caspase 8 (Casp8) and caspase 9 (Casp9) are initiator caspases that propagate a lethal signal in response to the engagement of the plasma membrane death receptors or mitochondrial outer membrane permeabilization, respectively. Caspase 3 (Casp3) is an executioner caspase that, upon activation by Casp8 or Casp9, cleaves a wide panel of proteins responsible for cell integrity \[[@bib0185]\].

Zebrafish is an excellent model organism for toxicity testing and biomedical research due to some mutants display similar phenotypes of human diseases \[[@bib0190], [@bib0195], [@bib0200]\]. In addition, essential genes of tissues or organs are highly conserved in zebrafish when compared to human \[[@bib0205]\]. We here used a zebrafish liver cell line, ZFL, to study combined Cu and Cd cytotoxicity. The zebrafish liver cell line ZFL has been established as a model cell line for *in vitro* assay and cell imaging \[[@bib0130],[@bib0210], [@bib0215], [@bib0220]\]. We examined the responses of zebrafish liver cell line (ZFL) to oxidative stress and apoptotic effects created by the administrations of Cu^2+^ and Cd^2+^. We focused on the molecular responses, such as oxidative gene expression and activities, caspase activities for apoptotic effects, by co-exposures with antioxidants and Cu ion chelator. We also have measured the lipid peroxidation (MDA level) and mitochondrial superoxide, to obtain a more comprehensive picture for oxidative stress in ZFL cells. Co-exposure and pre-treatment of Cd^2+^ and Cu^2+^ were also studied.

2. Materials and methods {#sec0010}
========================

2.1. Chemicals {#sec0015}
--------------

Stock solutions of 1 M CuCl~2~ (CAS 10125-13-0, Sigma, St. Louis, Missouri, USA, C3279), 1 M CdCl~2~ (CAS 10108-64-2, Sigma, St. Louis, Missouri, USA, 20899) and 50 mM bathocuproinedisulfonic acid disodium salt (BCS) (CAS 52698-84-7, Sigma-Aldrich, St. Louis, Missouri, USA, B1125) were prepared in Nanopure water and stored at 4 °C.

Stock solution of 200 mM NAC (CAS 616-91-1, Sigma-Aldrich, St. Louis, Missouri, USA, A7250) was prepared in Nanopure water and stored at −20 °C. Stock solution of 1 M mixed tocopherol (VE) (CAS 1406-66-2, Sigma-Aldrich, St. Louis, Missouri, USA, W530066) was prepared in absolute ethanol (CAS 64-17-5, Emsure Merck, Kenilworth, New Jersey, USA, 100983) and stored at −20 °C.

2.2. Cell culture {#sec0020}
-----------------

ZFL is an adherent hepatocyte cell line \[American Type Culture Collection (ATCC), CRL-2643TM\] isolated from zebrafish (*Danio rerio*). The standard ZFL culture medium contained 50 % L-15 medium (Gibco, Waltham, Massachusetts, USA,11415064), 35 % Dulbecco's Modified Eagle Medium (Gibco, Waltham, Massachusetts, USA,12100046) and 15 % Hans F12 (Gibco, Waltham, Massachusetts, USA, 21700075) supplemented with 0.15-g/L sodium bicarbonate, 15 mM HEPES (Gibco, Waltham, Massachusetts, USA,11344041), 10 % foetal bovine serum (Gibco, Waltham, Massachusetts, USA,10270106) and 1% antibiotic-antimycotic (Gibco, Waltham, Massachusetts, USA, 15240062) and was maintained at 28 °C as recommended by ATCC \[[@bib0130],[@bib0210], [@bib0215], [@bib0220]\].

2.3. Chemical treatments {#sec0025}
------------------------

The cells were seeded in a serum-containing medium overnight in six-well plates, 96-well plate or confocal Petri dish according to the experiment usage which stated in particular procedure section, and the medium was then removed. All chemicals were diluted with serum-free medium to the final concentrations immediately before use. For pre-treatment, the cells seeded in the wells at suitable densities, as specified in each experiment, were treated with the chemicals diluted in serum-free medium for 24 h. The pre-treatment solution was then replaced with the exposure solution, and after exposure, the cells were used for cytotoxicity assay, real-time polymerase chain reaction (qPCR), enzymatic assay and confocal imaging. The exposure duration in each experiment was 24 h unless specified otherwise.

2.4. Cytotoxicity assay {#sec0030}
-----------------------

We used alamarBlue assay (Thermo Fisher Scientific Inc., Invitrogen Corporation, Carlsbad, CA92008, USA) to determine the mortality of cell and we followed the method as reported previously \[[@bib0130]\]. The cells were exposed to the chemicals (CuCl~2~, CdCl~2~, NAC or VE) at different concentrations for 24 h. After exposure, the alamarBlue medium was added and incubated for 2 h follow to measure fluorescence signal.

2.5. Quantitative real-time PCR (qPCR) {#sec0035}
--------------------------------------

Generally, cDNA was generated by total RNA after exposure, and all the procedure was highly similar to method as reported previously \[[@bib0130],[@bib0220]\]. In brief, all qPCR amplifications and detections were performed using Takara Premix ExTaq. The DNA primers designed for use in qPCR are listed in [Table 1](#tbl0005){ref-type="table"}. All primers exhibited an amplification efficiency of \>1.85 (the maximum amplification efficiency was 2) and one peak in the melting curve (only one amplicon in the PCR) \[[@bib0225],[@bib0230]\].Table 1Nucleotide sequences of qPCR primers used in this study.Table 1GeneForward primer (5′→3′)Reverse primer (5′→3′)*zef1a* (NM_131263)GCTCAAACATGGGCTGGTTCAGGGCATCAAGAAGAGTAGTACCG*zybx1* (NM_131620)CCGGCCGGTTTTGTCATTATTGCTCAGATGTTGGATGTTGT*zsod1* (NM_131294.1)ATCAAGAGGGTGAAAAGAAGCAAAGCATGGACGTGGAAAC*zsod2* (NM_199976.1)CAGCAAGCACCATGCAACATCAGCTCACCCTGTGGTTCTC*zccs* (NM_001204222.2)TGGAGAAAGATCCAGGAGTGCAGTCTGATCCTCCCATTCCCT*zcat* (AF170069.1)TGAGGCTGGGTCATCAGATAAAAGACGGAAACAGAAGCGT*zgr* (NM_001020554.1)CTCCTTGGTCGCAGCATGGCTGGCAGTGGTGGCACCGAGTTC*zgst* (AB194127.1)CTGAGACATCTGGGTCGAAAAGATCTTCAACTCCGTCGTTC

2.6. Quantification of oxidative stress enzymes {#sec0040}
-----------------------------------------------

To measure catalase, superoxide dismutase, GR and glutathione S-transferase activity, 2.5 × 10^6^ ZFL cells were seeded in a 6-cm Petri dish, exposed to the chemicals, and incubated for 24 h. The next day, the cells were harvested in 0.5-ml ice-cold buffer (100 mM potassium phosphate, 1 mM EDTA, pH 7.0) using a cell scraper. The harvested cells were then sonicated and diluted to 100 μg/mL for measurement of the total protein concentration using Pierce™ BCA Protein Assay Kit (Thermo, Waltham, Massachusetts, USA, 23225). All enzyme activities were normalised with protein contents. The cell lysate was stored at −80 °C until enzyme assays using the Catalase Assay Kit (Cayman, Ann Arbor, Michigan, USA, 707002-96WELL), Superoxide Dismutase Assay Kit (Cayman, Ann Arbor, Michigan, USA, 706002-96WELL), Glutathione Reductase Assay Kit (Cayman, Ann Arbor, Michigan, USA, 703202-96WELL) and Glutathione S-Transferase Assay Kit (Cayman, Ann Arbor, Michigan, USA, 703302-96WELL) in accordance with the manufacturer's protocol. Absorbance was measured using a BMG CLARIOstar Microplate Reader (BMG LABTECH, Ortenberg, Germany) \[[@bib0130]\].

The catalase activity measurement is based on the reaction of the enzyme with methanol in the presence of an optimal concentration of H~2~O~2~ \[[@bib0235]\]. The formaldehyde produced is measured colourimetrically with 4-amino-3-hydrazino- 5-mercapto-1,2,4-triazole (Purpald) as the chromogen.

Superoxide Dismutase Assay Kit utilizes a tetrazolium salt for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine. Tetrazolium salt react superoxide radicals produces Formazan dye which can be detected with absorbance at 440−460 nm.

Glutathione Reductase activity was determined by measuring the rate of NADPH oxidation. The oxidation of NADPH to NADP^+^ is accompanied by a decrease in absorbance at 340 nm \[[@bib0240]\]. Glutathione S-Transferase activity determination is by measuring the conjugation of 1-chloro-2,4- dinitrobenzene (CDNB) with reduced glutathione. The conjugation is accompanied by an increase in absorbance at 340 nm \[[@bib0245]\].

2.7. Cellular metal content measurement {#sec0045}
---------------------------------------

The procedure is the same as described by Kwok and Chan \[[@bib0130]\]. In brief, the exposed ZFL was trypsinized after washed by PBS, further resuspended and lysed in 0.03 M HNO~3~ by freeze and thaw'' cycles. The metal concentrations were measured by using atomic absorption spectrophotometer (Hitachi Z2700 with Graphite Furnace). The metal content was nominated by cell number determined by alamarBlue assay.

2.8. Measurement of caspase activity {#sec0050}
------------------------------------

ZFL cells were first seeded in a 96-well black plate at a density of 1 × 10^4^ per well and incubated overnight. The cells were exposed to the chemicals at different concentrations for 24 h. The activity of caspases was then measured using Apo-ONE® Homogeneous Caspase-3/7 Assay (Promega Madison, Wisconsin, USA, G7790), Caspase-Glo® 8 Assay (Promega, Madison, Wisconsin, USA, G8201) and Caspase-Glo® 9 Assay (Promega Madison, Wisconsin, USA, G8211) kits. The incubation time was 3 h for all of these assays, and the rest of the protocol was performed as specified in the kit user manuals. Synthetic substrates of DEVD-AFC (7-amino-4-trifluoromethyl coumarin) for Caspase3 would emit a fluorometric signal (Ex/Em = 400/505 nm) immediately after enzymatic cleavage. For the Caspase-Glo-8 and -9 assay, a substrate could be cleaved by Caspase 8 or 9 specifically to produce a glow-type luminescent signal as produced by adding luciferase in the reaction buffer. Fluorescence and luminescence were measured using a BMG CLARIOstar Microplate Reader (BMG LABTECH, Ortenberg, Germany).

2.9. Mitochondrial superoxide quantification by flow cytometry {#sec0055}
--------------------------------------------------------------

ZFL cell were seeded in six-well plates (1 × 10^6^ per well) and exposed to the chemicals at different concentrations for 24 h. The exposed cells were then trypsinized and washed using Hank's balanced salt solution (HBSS) with 0.5 % bovine serum albumin. The cells were stained with 5-μg/mL MitoSOX™ Red Mitochondrial Superoxide Indicator (Invitrogen, Waltham, Massachusetts, USA, M36008) in HBSS for 30 min and then again washed with HBSS and resuspended in serum-free medium. This reagent is selectively targeted to the mitochondria and oxidized by superoxide to exhibit red fluorescence. The cells (10^4^) were examined using a BD FACSVerse flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, USA), and data were analysed using FlowJo v10 to obtain the geometric mean of the fluorescence signals emitted by the cells.

2.10. Lipid peroxidation assay {#sec0060}
------------------------------

ZFL cell were seeded in six-well plates (1 × 10^6^ per well) and exposed to the chemicals at different concentrations for 24 h. Lipid Peroxidation (MDA) Assay kit (ab118970, Abcam Cambridge, United Kingdom) was used to determine free MDA by interacting with Thiobarbituric Acid (TBA) to generate a MDA-TBA adduct, which can easily be quantified fluorometrically (Ex/Em = 532/553 nm).

2.11. Confocal microscopy imaging {#sec0065}
---------------------------------

ZFL cells (10^6^) were seeded in a 34.3-mm confocal Petri dish (SPL, Gyeonggi-do, Korea, 200350) and incubated overnight, following by chemical exposure for 24 h. The exposed cells were stained by adding 50 nM MitoTracker Red CMXRos (ThermoFisher, Waltham, Massachusetts, USA, M7512), which stains mitochondria, and 5-μL Quant-iT PicoGreen dsDNA Reagent (ThermoFisher, Waltham, Massachusetts, USA, P11495), which stains DNA, in 2-ml phosphate-buffered saline (PBS) for 15 min. The cells were then washed three times with PBS, seeded in serum-free medium and imaged using the Leica TCS SP8 Confocal Microscope System.

2.12. Statistical analysis {#sec0070}
--------------------------

All of the statistical analyses and graph illustrations were performed using GraphPad Prism 8.0 (\* p \> 0.05). The data were expressed as the mean ± standard error of the mean (SEM) of biological replicates (n = 3) unless specified otherwise. The dotted line of a linear or non-linear regression curve was considered to represent the 95 % confidence level of the curve.

3. Results {#sec0075}
==========

3.1. Effects of Cu^2+^ and Cd^2+^ on oxidative stress {#sec0080}
-----------------------------------------------------

The mean LC~50~ values of the ZFL cells for 24-h Cu^2+^ and Cd^2+^ exposures were 750 (10^2.875^) μM and 36.3 (10^1.56^) μM, respectively ([Fig. 1](#fig0005){ref-type="fig"}). Cu^2+^ (200 μM) caused a two-fold increase in z*sod1* and z*ccs* mRNA expression with 4- and 24-h exposure ([Fig. 2](#fig0010){ref-type="fig"}**A** i, iii). Cu^2+^ increased z*gr* and z*gst* mRNA expression at 4 h and 12 h, but the expression returned to normal at 24 h ([Fig. 5](#fig0025){ref-type="fig"}**A** v, vi). Cd^2+^ (5 μM) induced z*sod1* mRNA expression at 12--24 h and 48 h ([Fig. 3](#fig0015){ref-type="fig"}**A** i) but suppressed z*sod2* (at 4, 12 and 24 h) and z*cat* (at 12, 24 and 48 h) mRNA expression ([Fig. 3](#fig0015){ref-type="fig"}**A** ii, iv). Cd^2+^ also induced z*gr* (at 4, 12 and 24 h) and z*gst* (at 12, 24 and 48 h) mRNA expression ([Fig. 3](#fig0015){ref-type="fig"}**A** v, vi).Fig. 1LC~50~ values of ZFL cells exposed to different concentrations of **(A)** CuCl~2~ and **(B)** CdCl~2~ for 24 h. The curves were generated by non-linear regression using PRISM 8.0. The dotted curve represents the 95 % confidence level of the curves.Fig. 1Fig. 2Bioassay results of ZFL after the exposure to various concentrations of Cu^2+^. **(A)** Alterations in oxidative stress related gene expressions. The bars represent the geometric mean of fold difference derived from biological replicates (n = 3), and error bars represent the 95 % confidence level. Two-way ANOVA with Sidak's multiple comparisons test was used to analyse and determine the statistical significance of ΔΔCt. \* represents a significant difference compared with controls (without Cu) at the same time point. (i) *zsod1*. (ii) *zsod2*. (iii) *zsod3*. (iv) *zcat*. (v) *zgr*. (vi) *zgst*. **(B)** Alterations in the activity of oxidative stress related enzymes after 24-h exposure. \* represents a significant difference compared with controls (without Cu) using the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction). (i) SOD. (ii) CAT. (iii) GR. (iv) GST. **(C)** Mitochondrial superoxide in ZFL. (i) The histogram of fluorescence signal. (ii) The geometric mean of fluorescence signals in all cells. \* represents a significant difference compared with controls (without Cu) using unpaired *t* test with Welch's correction. **(D)** Cellular metal content in ZFL exposed for 24 h. \* represents a significant difference compared with controls (without Cu). (i) Cu. (ii) Cd. **(E)** MDA in ZFL exposed for 24 h. \* represents a significant difference compared with controls (without Cu) using the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction). **(F)** Caspase activity in ZFL exposed for 24 h. \* represents a significant difference compared with controls (without Cu) using the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction). (i) Casp3. (ii) Casp8. (iii) Casp9.Fig. 2Fig. 3Bioassay results of ZFL after the exposure to various concentrations of Cd^2+^. **(A)** Alterations in oxidative stress related gene expression. The bars represent the geometric mean of fold difference derived from biological replicates (n = 3), and error bars represent the 95 % confidence level. Two-way ANOVA with Sidak's multiple comparisons test was used to analyse and determine the statistical significance of ΔΔCt. \* represents a significant difference compared with controls (without Cd) at the same time point. (i) *zsod1*. (ii) *zsod2*. (iii) *zsod3*. (iv) *zcat*. (v) *zgr*. (vi) *zgst*. **(B)** Alterations in the activity of oxidative stress related enzymes after 24-h exposure. \* represents a significant difference compared with controls (without Cd) using the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction). (i) SOD. (ii) CAT. (iii) GR. (iv) GST. **(C)** Mitochondrial superoxide in ZFL. (i) The histogram of fluorescence signal. (ii) The geometric mean of fluorescence signals in all cells. \* represents a significant difference compared with the controls (without Cd) using unpaired *t* test with Welch's correction. **(D)** Cellular metal content in ZFL exposed for 24 h. \* represents a significant difference compared with controls (without Cd). (i) Cu. (ii) Cd. **(E)** MDA in ZFL exposed for 24 h. \* represents a significant difference compared with controls (without Cd) using the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction). **(F)** Caspase activity of ZFL exposed for 24 h. \* represents a significant difference compared with controls (without Cd) using the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction). (i) Casp3. (ii) Casp8. (iii) Casp9.Fig. 3

In terms of enzyme activity, both Cu^2+^ and Cd^2+^ upregulated GR activity but did not significantly affect SOD, CAT and GST activity ([Figs. 2](#fig0010){ref-type="fig"}**B**, [3](#fig0015){ref-type="fig"} **B**). Both Cu^2+^ and Cd^2+^ caused MDA accumulation, indicating that they induced lipid peroxidation ([Figs. 2](#fig0010){ref-type="fig"}**E**, [3](#fig0015){ref-type="fig"} **E**). Cd^2+^, but not Cu^2+^, induced mitochondrial superoxide production in ZFL cells ([Figs. 2](#fig0010){ref-type="fig"}**C**, [3](#fig0015){ref-type="fig"} **C**).

Cells contained around 4 pmole Cu and undetectable Cd per million. After exposure to 150 μM and 300 μM Cu^2+^, the cellular Cu content increased to 9 and 14 pmole Cu per million ([Fig. 2](#fig0010){ref-type="fig"}**D**). For 15 μM and 30 μM Cd^2+^ exposure, the Cd content increased to 8 and 9 pmole Cd ([Fig. 3](#fig0015){ref-type="fig"}**D**). Cu content increased to 8 pmole only in 15 μM Cd^2+^ exposure.

3.2. Cell morphology after Cu and Cd exposures {#sec0085}
----------------------------------------------

Cell behaviour was studied using fluorescent dye staining (green for dsDNA green and red for mitochondria). As the dsDNA stain was very sensitive (sensitivity of up to 25-pg/mL dsDNA, as claimed by the manufacturer), mitochondrial DNA (mtDNA) could be observed under a confocal microscope. mtDNA and genomic DNA could be distinguished by comparing the red and green fluorescence signals.

The control cells (not exposed to chemicals or metals) emitted high levels of yellow signal due to the overlapping of green and red signals, indicating intact mtDNA ([Fig. 4](#fig0020){ref-type="fig"}) as well as intact cell morphology. The Cu^2+^-exposed cells also exhibited intact cell morphology but mainly emitted a red instead of a yellow signal, suggesting the beginning of mtDNA aggregation or depletion. The Cd^2+^-exposed cells had started to pack themselves into smaller pieces and exhibited widely dispersed red signal, suggesting mtDNA depletion or mitochondrial content leakage into the cytoplasm.Fig. 4Confocal images of ZFL after Cu^2+^ and Cd^2+^ exposure. Green channel represents dsDNA, and red channel represents mtDNA. Differential interference contrast (DIC) was imaged using DIC microscopy. Merged images showed superimposition of red, green and DIC channels.Fig. 4Fig. 5Mortality of ZFL exposed to Cu^2+^ or Cd^2+^ and co-exposure with NAC, VE or BSC for 24 h. Mortality of Cu^2+^-treated ZFL cells co-exposed to various concentrations of **(A)** NAC, **(B)** VE and **(C)** BCS. Mortality of Cd^2+^-treated ZFL cells co-exposed to various concentrations of **(D)** NAC, **(E)** VE and **(F)** BCS. (i) Mortality of ZFL. The curve was generated by non-linear regression. (ii) The LC~50~ values generated by (i). Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction) were used to analyse the data. Same alphabet on the bar present the same group and without significant different within the group. (iii) The LC~20~ values generated by (i) and the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction) were also applied.Fig. 5

3.3. Cu- and Cd-induced apoptosis {#sec0090}
---------------------------------

Cu^2+^ and Cd^2+^ induced Casp8 and Casp9 activity, and Cu^2+^, but not Cd^2+^, suppressed Casp3 activity. Exposure to 150 μM of Cu^2+^ for 24 h increased Casp8 and Casp9 activity by approximately 1.7- and 1.2-fold and suppressed Casp3 activity by 0.7-fold ([Fig. 2](#fig0010){ref-type="fig"}**F**). Exposure to 300 μM of Cu^2+^ showed similar effects on caspase activity. Exposure to 15 μM of Cd^2+^ induced Casp9 activity (by approximately 1.5-fold) but not Casp8 activity ([Fig. 3](#fig0015){ref-type="fig"}**F**); however, an increase in Cd^2+^ concentration up to 30 μM increased both Casp8 and Casp9 activity by 6- and 7-fold, respectively.

3.4. Cu co-exposure with NAC, VE and BCS {#sec0095}
----------------------------------------

The antioxidants NAC and VE were found to increase the LC~50~ and LC~20~ values of Cu, with NAC showing a much greater effect than VE ([Fig. 5](#fig0025){ref-type="fig"}**A**, **B**). Therefore, NAC (500 μM) was selected for further assays. NAC was found to upregulate CAT activity (in 150 μM Cu^2+^) by approximately 1.5-fold and induce mitochondrial superoxide production (in 300 μM Cu^2+^) ([Fig. 6](#fig0030){ref-type="fig"}**A** ii, v). NAC suppressed lipid peroxidation, as indicated by the MDA activity induced by Cu^2+^ ([Fig. 6](#fig0030){ref-type="fig"}**A** viii). NAC further enhanced Cu^2+^-induced Casp8 and Casp9 activity ([Fig. 6](#fig0030){ref-type="fig"}**A** x, xi).Fig. 6Normalised assay result of ZFL exposed to various concentrations of Cu^2+^ and Cd^2+^ with co-exposure to NAC or BCS compared with ZFL without co-exposure. \* represents significant different compared with no co-exposure control treated with the same concentration of Cu^2+^ or Cd^2+^. **(A)** Cu^2+^ co-exposure with NAC or BCS. **(B)** Cd^2+^ co-exposure with NAC or BCS. (i) Normalised SOD activity. (ii) Normalised CAT activity. (iii) Normalised GR activity. (iv) Normalised GST activity. (v) Normalised mitochondrial superoxide level in ZFL. (vi) Cellular Cu content. (vii) Cellular Cd content. (viii) Normalised MDA concentration in ZFL. (ix) Normalised Casp3 activity. (x) Normalised Casp8 activity. (xi) Normalised Casp9 activity. Data were normalised to their own control (without metal ions but with the co-exposure substance). The controls were defined as 100 %, except for (v). The control in (v) was defined as 0.Fig. 6

BCS is a Cu(I) chelator and is expected to counter the effects of Cu^2+^. In this study, BCS increased the LC~50~ and LC~20~ values of Cu^2+^, thereby reducing Cu^2+^ toxicity ([Fig. 5](#fig0025){ref-type="fig"}**C**). However, in addition to reducing lipid peroxidation and restoring Casp3 activity ([Fig. 6](#fig0030){ref-type="fig"}**A** viii, ix), BCS enhanced mitochondrial superoxide production and the activity of CAT, GST (in 150 μM Cu^2+^ only), Casp8 and Casp9 ([Fig. 6](#fig0030){ref-type="fig"}**A** i, iv, v, x, xi). Cu co-exposure with BCS increased the cellular Cu content ([Fig. 6](#fig0030){ref-type="fig"}**A** vi). These findings indicate that Cu may reduce the activity of the aforementioned enzymes.

3.5. Cd co-exposure with NAC, VE and BCS {#sec0100}
----------------------------------------

Cd^2+^ is well-known causative factor of oxidative stress \[[@bib0030]\]. In this study, NAC increased the LC~50~ and LC~20~ values of Cd^2+^, and BCS countered these effects ([Fig. 5](#fig0025){ref-type="fig"}**D**, **E**). Cd^2+^ co-exposure with NAC (500 μM) did not significantly alter the activity of oxidative stress related enzymes, except for GST ([Fig. 6](#fig0030){ref-type="fig"}**B** i--iv). NAC reduced mitochondrial superoxide levels and suppressed the effects of Cd^2+^ on Casp8 and Cas9 activity ([Fig. 6](#fig0030){ref-type="fig"}**B** v, x, xi).

BCS essentially chelates Cu(I), but it may also be able to weakly chelate intracellular Cd^2+^. BCS reduced CAT activity and suppressed the effect of Cd^2+^ on GR activity ([Fig. 6](#fig0030){ref-type="fig"}**B** bii, iii). Cd co-exposure with BCS and NAC decrease the cellular Cd content ([Fig. 6](#fig0030){ref-type="fig"}**B** vii). BCS also reduced mitochondrial superoxide levels and Casp8 and Casp9 activity, which were substantially induced by Cd^2+^ ([Fig. 6](#fig0030){ref-type="fig"}**B** v, x, xi).

3.6. Effects of Cd^2+^ pre-treatment and Cd^2+^ co-exposure with Cu^2+^ {#sec0105}
-----------------------------------------------------------------------

The LC~50~ and LC~20~ values of Cu^2+^ were determined in the presence of Cd^2+^ at different concentrations ([Fig. 7](#fig0035){ref-type="fig"}**A**). High concentrations of Cd (10° and 10^0.8^ μM) decreased the LC values of Cu^2+^, but less than 10^−1.6^ μM concentrations of Cd did not alter the LC values.Fig. 7Mortalities of ZFL exposed to Cu^2+^ or Cd^2+^ with co-exposure to or pre-treatment with various concentrations of Cd^2+^ or Cu^2+^, respectively, for 24 h. **(A)** Mortality of ZFL due to Cu^2+^ co-exposure with various concentrations of Cd^2+^. **(B)** Mortality of ZFL due to Cd^2+^ co-exposure with various concentrations of Cu^2+^. **(C)** Mortality of Cu^2+^-pre-treated ZFL exposed to various concentrations of Cd^2+^ for 24 h. **(D)** Mortality of Cd^2+^-pre-treated ZFL exposed to various concentrations of Cu^2+^ for 24 h. (i) Mortality of ZFL. The curve was generated by non-linear regression. (ii) The LC~50~ values generated by (i). Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction) were used to analyse the data. Same alphabet on the bar represent the same group and without significant different within the group. (iii) The LC~20~ values generated by (i) and statistical test was same with (ii) and the Brown--Forsythe and Welch's ANOVA tests with multiple comparison (unpaired *t* with Welch's correction) were also applied.Fig. 7

Among pre-treatments with various concentrations of Cd^2+^ before Cu^2+^ exposure, that with 10^−1.6^ μM Cd^2+^ (25 nM) increased the LC~20~ values of Cu, indicating that the cell became resistant to low concentrations of Cu^2+^ ([Fig. 7](#fig0035){ref-type="fig"}**C**). Thus, we selected 25 nM Cd^2+^ concentration to evaluate the effects of Cd pre-treatment and co-exposure with 150 μM and 300 μM Cu^2+^. Cd^2+^ co-exposure with Cu^2+^ or Cd^2+^ pre-treatment did not significantly alter oxidative stress levels but slightly modified SOD and CAT activity ([Fig. 8](#fig0040){ref-type="fig"}**A** i--iv) and reduced mitochondrial superoxide levels ([Fig. 8](#fig0040){ref-type="fig"}**A** v). After Cd exposure or pre-treatment of Cd^2+^, the cells contained around 1 pmole Cd per million cells ([Fig. 8](#fig0040){ref-type="fig"}**A** vii). The Cu content became less after exposure to 300 μM Cu^2+^ if the cells pre-treated with Cd^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**A** vi).Fig. 8Normalised bioassay results of ZFL exposed to various concentrations of Cu^2+^ and Cd^2+^ and co-exposed with or pre-treated with low concentrations of Cd^2+^ and Cu^2+^, respectively. **(A)** Cu co-exposed with and pre-treated with low concentration of Cd. **(B)** Cd co-exposed with and pre-treated with low concentration of Cu. (i) Normalised SOD activity. (ii) Normalised CAT activity. (iii) Normalised GR activity. (iv) Normalised GST activity. (v) Normalised mitochondrial superoxide level in ZFL. (vi) Cellular Cu content. (vii) Cellular Cd content. (viii) Normalised MDA concentration in ZFL. (ix) Normalised Casp3 activity. (x) Normalised Casp8 activity. (xi) Normalised Casp9 activity. Data were normalised to their own control (without metal ions but with the co-exposure or pre-treatment substance). The controls were defined as 100 %, except for (v). The control in (v) was defined as 0.Fig. 8

Cd^2+^ co-exposure with Cu^2+^ also reduced lipid peroxidation induced by Cu^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**A** viii). A low concentration of Cd^2+^ suppressed Casp8 activity induced by Cu^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**A** x). Cd^2+^ pre-treatment also reduced Casp3 activity and suppressed Casp9 activity induced by Cu^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**A** ix, xi).

3.7. Effects of Cu^2+^ pre-treatment and Cu^2+^ co-exposure with Cd^2+^ {#sec0110}
-----------------------------------------------------------------------

The LC~50~ and LC~20~ values of Cd^2+^ were determined in the presence of Cu^2+^ at various concentrations ([Fig. 7](#fig0035){ref-type="fig"}**B**). The LC values of Cd^2+^ decreased with the increase in Cu^2+^ concentration, indicating increased Cd toxicity in ZFL. However, pre-treatment with a suitable concentration of Cu^2+^ increased Cd^2+^ tolerance in ZFL. For example, 10^0.9^ μM Cu^2+^ (8 μM) was found to be the most suitable concentration and was therefore selected for further assays with 15 μM and 30 μM of Cd^2+^. Cu^2+^ pre-treatment induced SOD activity and reduced CAT activity in ZFL ([Fig. 8](#fig0040){ref-type="fig"}**B** i, ii). Cu^2+^ co-exposure with Cd^2+^ suppressed GR activity induced by Cd^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**B** iii). Further, Cu^2+^ co-exposure with Cd^2+^ suppressed and Cu^2+^ pre-treatment reduced the mitochondrial superoxide production induced by Cd^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**B** v). Cd co-exposure with low concentration of Cu increase the Cu cellular content. Low concentration Cu^2+^ promoted Cd content in 30 μM of Cd^2+^ exposure. Cu^2+^ could prevent lipid peroxidation induced by Cd^2+^. In addition, Cu^2+^ co-exposure with Cd^2+^ reduced Casp3 activity, and Cu^2+^ pre-treatment reduced Casp9 activity ([Fig. 8](#fig0040){ref-type="fig"}**B** ix, xi).

4. Discussion {#sec0115}
=============

4.1. Cu^2+^ and Cd^2+^ toxicity {#sec0120}
-------------------------------

We used the serum-free medium for exposure instead of serum contain medium. One of the purposes is to avoid cell growth during the exposures, just like we do not feed the animal while doing acute exposures. We have experienced that the ZFL, even the other cell line we used, such as HepG2, could survive in good shape more than four days in serum-free medium based on observed under the microscope and strong signal in alamarBlue assay. There are several problems using serum containing medium for chemical exposures. Firstly, it promotes cell growth and activate metabolisms, the cells (control and non-lethal doses) in 96-well plate might saturate the surface of the well and alleviate the results in alamarBlue assay. Secondly, the composition of serum is complex and uncertain, and the proteins or chemicals may bind with or chelate the metal ions, or the hormones may stimulate the receptors if we study about the hormone related chemicals. In general, we use serum containing medium in seeding cell procedure to keep the cells in good shape, while serum free medium is used during the exposures. ZFL are well documented and known for using serum-free medium protocols for exposure \[[@bib0250], [@bib0255], [@bib0260]\].

The LC~50~ value for ZFL exposed to Cu^2+^ for 24 h in this study (750 μM) was similar to that in our previous study (743.3 μM) but higher than that in other studies (≤308.1 μM) \[[@bib0130],[@bib0215],[@bib0265]\]. However, the LC~50~ value of Cd^2+^ in this study (36.3 μM) was lower than that in other studies (59.99 μM \[[@bib0270]\] and 140.6 μM \[[@bib0275]\]). Further, the LC value of Cd^2+^ was 10-fold lower than that of Cu^2+^, indicating that Cd^2+^ was more toxic to ZFL than Cu^2+^. This finding contrasted with that in whole zebrafish and other species \[[@bib0280]\]. Previous studies have reported the following LC~50~ values of Cu^2+^ and Cd^2+^ for various species: adult zebrafish, 0.99 μM and 86.1 μM (96-h exposure) \[[@bib0285],[@bib0265]\]; kutum (*Rutilus frisii kutum*) fingerlings, 11.6 μM and 211 μM (24-h exposure) \[[@bib0290]\]; *Artemia urmiana*, 470 μM and 703 μM (24-h exposure) \[[@bib0295]\]; *Rasbora sumatrana* (Cyprinidae), 0.852 μM and 12.8 μM (24-h exposure) \[[@bib0300]\]; and *Poecilia reticulata* (guppy) (Poeciliidae), 5.49 μM and 73.0 μM (24-h exposure) \[[@bib0300]\], respectively. The higher Cu^2+^ tolerance compared with Cd^2+^ tolerance found in ZFL was probably because ZFL is a cell line of liver origin, an organ responsible for Cu^2+^ elimination. Living cells have evolved cellular mechanisms to absorb, utilise and eliminate Cu^2+^ but not Cd^2+^ as Cu^2+^, but not Cd^2+^, is essential for several cellular functions \[[@bib0130]\].

Cu^2+^ and Cd^2+^ exposure promoter Cu and Cd accumulation, result in higher Cu and Cd content ([Figs. 2](#fig0010){ref-type="fig"}**D** i, [3](#fig0015){ref-type="fig"} **D** ii), matched with previous studies \[[@bib0130],[@bib0270]\]. After Cd exposure, the cells retain more Cu ([Fig. 3](#fig0015){ref-type="fig"}**D** i). That means the cells was able to absorb Cu and Cd, or in other words, Cu and Cd could go into cells \[[@bib0250],[@bib0270]\].

To fully understand the effects of Cu^2+^ and Cd^2+^ on gene expression, four time points were chosen: 4, 12, 24 and 48 h. To ensure the cell viability in 48-h exposure time point, LC~50~ values of Cu^2+^ (560.6 μM) and Cd^2+^ (7.36 μM) for 96-h exposure, instead of 24-h exposure, were used in the oxidative stress gene profiling of ZFL exposed to Cu^2+^ and Cd^2+^ \[[@bib0130],[@bib0250],[@bib0270]\]. At very high metal concentrations, the cells would die, and no RNA would be available for extraction. In contrast, at very low concentrations, the cell responses would not be triggered. As the dose makes the poison, we have to use the relevant doses in all the experiments. Thus, it is very important to perform toxicity assays to determine the LC values in each experiment, we thus can pick the exposure concentration based on the LC values, usually \< LC50 value and \>10 % LC50 value, if we want to look at the sub-lethal effects. The doses use should hence be relevant or close to the physiological doses.

4.2. Oxidative stress related gene regulation by Cu^2+^ and Cd^2+^ {#sec0125}
------------------------------------------------------------------

The expression profiles of oxidative stress related genes were analysed at four time points (4, 12, 24 and 48 h) to determine when ZFL started showing response to Cu^2+^ and Cd^2+^ exposure ([Figs. 2](#fig0010){ref-type="fig"}**A**, [3](#fig0015){ref-type="fig"} **A**). In general, cell response to Cu started earlier at 4 h and lasted till 24 h. In contrast, cell response to Cd started later at 12 h and lasted longer till 48 h. In one study, the expression of *zsod1*, *zsod2* and *zgst* showed no change, was suppressed and was induced, respectively, in zebrafish larvae after 3-h Cd exposure \[[@bib0305]\]. This result is similar to the 4-h Cd exposure result in our study.

4.3. Oxidative stress caused by Cu^2+^ and Cd^2+^ {#sec0130}
-------------------------------------------------

The responses of ZFL to various concentrations of Cu^2+^ and Cd^2+^ were evaluated at 24-h exposure, and as the exposure time was short, higher metal concentrations were used for testing. Both Cu^2+^ and Cd^2+^ caused oxidative stress by lipid peroxidation ([Figs. 2](#fig0010){ref-type="fig"}**E**, [3](#fig0015){ref-type="fig"} **E**). Cu^2+^ and Cd^2+^ trigger the upregulate expression of oxidative stress related gene, such as *zgr* and *zgst*. Based on central dogma, *zgr* and *zgst* expression are based on the promoter activity, not depend on the binding of Cu/Cd-glutathione complexes. The induction of gene involved a serious of transcription factor. *zgr* and *zgst* expression was induced by its own related transcription factor. In general, GR and GST are key enzyme to deal with oxidative stress, so when the cell faces oxidative stress, those related transcription factors upregulate and express more *zgr* and *zgst*. Based on this cell response, exposure to Cu^2+^ or Cd^2+^ should create oxidative stress to cells.

Although both metals regulated oxidative stress related gene expression, the related enzyme activity did not follow similar pattern or exhibit much change ([Figs. 2](#fig0010){ref-type="fig"}**A**, **B**, [3](#fig0015){ref-type="fig"} **A**, **B**). One possible explanation is that an entire family of enzymes could have contributed to the result of enzyme assays in contrast with the results of single genes analysed by qPCR, so the enzymatic assay result did not similar with qPCR, for example, the z*sod* gene family comprises three genes, qPCR only determined one of each gene expression, but SOD enzymatic assay measured the whole gene family activity. The facts that Cu^2+^ is closely monitored by Atox1 after being transported into the cell and free Cu^2+^ ions cannot exist in mitochondria prove that Cu^2+^ did not induce mitochondrial superoxide production \[[@bib0310]\].

NAC as a nutritional supplement, is a greatly applied antioxidant *in vivo* and *in vitro* \[[@bib0315]\]. It was used as antioxidant agent in many researches, for example, treating workers exposed to lead \[[@bib0320]\] and protecting SIEC02 Cells exposed by Zearalenone from oxidative stress \[[@bib0325]\]. NAC is a fast-acting antioxidant by triggering intracellular hydrogen sulfide production \[[@bib0330]\]. Besides NAC, Curcumin was reported to reduce copper-induced oxidative stress in *Drosophila melanogaster* \[[@bib0335]\]. The protective effect of NAC was shown to be better than Curcumin \[[@bib0340]\].

NAC reduced Cu^2+^ and Cd^2+^ toxicity by increasing their LC values, but VE did not affect Cd^2+^ toxicity ([Fig. 5](#fig0025){ref-type="fig"}**A**, **B**, **D**, **E**). Cu and Cd is able to directly bind to the thiols group in NAC. However, If Cu binds with NAC, the complex was still not able to pass the membrane. Cu (Cu^+^) is imported to cell by copper transporters, Ctr1. Ions itself was not able to pass though the lipid bilayer membrane. The working principle of NAC is that NAC replenish the GSH in cell by some enzyme, such as acylase I \[[@bib0345]\]. NAC is able to react with oxidant species, but the reaction rate is much lower than GSH. we cannot totally eliminate the possibility that NAC detoxification effect of Cu and Cd is based on the chelation metal ions instead on its antioxidant activity. NAC (500 μM) was selected for further analysis, as it was found to significantly reduce the LC values of both Cu^2+^ and Cd^2+^. The effect of NAC on Cu^2+^ and Cd^2+^ co-exposure was studied to determine whether their toxicity was caused by oxidative stress. The results showed that NAC had little effect on oxidative stress related enzyme activity, as Cu^2+^ and Cd^2+^ did not directly affect them.

Since NAC contains both antioxidant and chelator properties, BCS, which is not antioxidant was chosen to chelate Cu^+^ and was expected to directly suppress the effects of Cu. The LC data showed that BCS could reduce both Cu^2+^ and Cd^2+^ toxicity ([Fig. 5](#fig0025){ref-type="fig"}**C**, **F**). BCS chelated Cu(I) instead of Cu(II), and Ctr1 imported Cd \[[@bib0130],[@bib0350]\]. The cellular Cu content increase when Cu co-exposure with BCS ([Fig. 6](#fig0030){ref-type="fig"}**A** vi), suggesting that BCS strongly chelated Cu in the cell, leading the cells high cellular Cu tolerance. SOD activity increased in Cu co-exposure with BSC condition due to Cu cellular increased as Cu is a cofactor in SOD1 ([Fig. 6](#fig0030){ref-type="fig"}**A** i).

We hypothesised that the Cd(I) chelated by BSC is converted from Cd^2+^ taken up by Ctr1. The oxidative stress caused by Cu^2+^ seemed to help reduce the mitochondrial superoxide levels, because of adding NAC leading to a drastic superoxide accumulation in mitochondria ([Fig. 6](#fig0030){ref-type="fig"}**A** v). The increase in mitochondrial superoxide levels on Cu^2+^ chelation suggested that Cu^2+^ plays some role in oxidative stress regulation in mitochondria. Cu^2+^ induced lipid peroxidation that halted with the addition of an antioxidant or chelator, indicating that Cu^2+^ induced oxidative stress in the cytoplasm ([Fig. 6](#fig0030){ref-type="fig"}**A** viii). On the other hand, Cd^2+^ caused oxidative stress in both the cytoplasm and mitochondria ([Fig. 6](#fig0030){ref-type="fig"}**B** v, viii). NAC and BCS helped to reduce oxidative stress in the mitochondria but not the cytoplasm.

4.4. Cu^2+^ as an antioxidant in oxidative stress {#sec0135}
-------------------------------------------------

One study reported that Cd does not affect Cu uptake but we found that it is not the case \[[@bib0355]\]. To further evaluate whether Cd^2+^ affects Cu^2+^ toxicity, we examined two sets of conditions, namely co-exposure with a low concentration of Cd^2+^ (25 nM) and the concentration of Cu^2+^ (150 μM and 300 μM) used previously in this study and pre-treatment of the cells with a low concentration of Cd for 24 h followed by Cu exposure. To select a Cd concentration for the experiment, the LC values of Cu with various Cd concentrations were first determined. Cd^2+^ made cells intolerant to Cu^2+^, probably because Cd^2+^ competed with Cu^2+^ for the same detoxification system ([Fig. 7](#fig0035){ref-type="fig"}**A**). The cells pre-treated with 25 nM Cd^2+^ could tolerate Cu^2+^ ([Fig. 7](#fig0035){ref-type="fig"}**C**). A low Cd^2+^ concentration decreased mitochondrial superoxide levels during Cu^2+^ exposure ([Fig. 8](#fig0040){ref-type="fig"}**A** v), but raw data showed that Cu^2+^ co-exposure with a low concentration of Cd^2+^ reduced the high basal level of mitochondrial superoxide (control) (Supplementary 1e). This explained why the nominated result of mitochondrial superoxide levels were decreased sharply after Cu exposure with Cd co-espouse and pre-treatment. The same explanation could be applied to the result of lipid peroxidation ([Fig. 8](#fig0040){ref-type="fig"}**A** viii). Next, we performed a similar experiment to determine the effect of low Cu^2+^ concentration on Cd^2+^ toxicity. The Cu concentration for further analysis was determined based on the LC values as described above, and Cu^2+^ co-exposure also made cells intolerant to Cd^2+^. The LC values of Cd^2+^ decreased with the increase in Cu^2+^ concentration ([Fig. 7](#fig0035){ref-type="fig"}**B**).

Pre-treating cells with 8 μM Cu^2+^ slightly increased their tolerance to Cd^2+^ exposure ([Fig. 7](#fig0035){ref-type="fig"}**D**). Co-exposure with low Cu^2+^ concentration could eliminate GR activity induced by Cd^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**B** iii). In addition, as low as 8 μM Cu^2+^ could terminate mitochondrial superoxide production induced by Cd^2+^, and Cu^2+^ pre-treatment showed a similar effect ([Fig. 8](#fig0040){ref-type="fig"}**B** v). Moreover, Cu^2+^ could effectively reduce lipid peroxidation caused by Cd^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**B** viii). When the cells expose to Cd^2+^, together co-exposure to Cu^2+^ or pre-treated with Cu^2+^, the cells try to absorb the Cu or slow down the elimination of Cu, inferred by Cu cellular content result ([Fig. 8](#fig0040){ref-type="fig"}**B** vi), provided more piece of evidence to suggest Cu play an antioxidant role in cells.

Cu creates oxidative stress in cell *via* Fenton reaction \[[@bib0045]\]. On the other hand, it serves as cofactor in SOD1 to play a role as antioxidant. These two effects sound contradictory but the doses matter. Antioxidant role is illustrious in low concentration of Cu^2+^ but high concentration creates oxidative stress significantly. If we consider the cell mortality mainly dependent on the oxidative stress and antioxidant effect by Cu, in theory, there is the threshold for Cu^2+^ to act either as prooxidant or antioxidant. It could be found in Cd^2+^ exposure with Cu^2+^ pre-treatment ([Fig. 7](#fig0035){ref-type="fig"}**D**) and which was pre-treatment with 10^0.9^ μM Cu^2+^. The antioxidant effect was maximum at this concentration, but prooxidant effect became dominant when concentration increased.

4.5. Apoptosis suppression by Cu {#sec0140}
--------------------------------

Numerous studies have suggested that Cu^2+^ and Cd^2+^ induce apoptosis \[[@bib0025],[@bib0165],[@bib0175],[@bib0360]\]. In this study, caspase activity was measured to determine the induction of apoptosis as it starts with the activation of a series of caspases \[[@bib0185]\]. In general, Casp8 is activated by an external factor, namely the death receptor, and Casp9 is activated by an internal factor, namely mitochondria \[[@bib0365],[@bib0370]\]. Reactive oxygen species are considered as an internal factor or part of the intrinsic pathway, and caspases are a family of end proteases that activate each other in a regulatory network. Casp3 occurs downstream of Casp8 and Casp9 in this network, and its activation leads to apoptosis.

Although Cu^2+^ induced Casp8 and Casp9 activation, further induction occurred only after adding NAC ([Figs. 3](#fig0015){ref-type="fig"}**E**, [6](#fig0030){ref-type="fig"} **A** ix, xi), proving that Casp8 and Casp9 induction was not due to Cu^2+^-induced oxidative stress. The increase in Casp3, Casp8 and Casp9 activity occurred after Cu^2+^ was chelated, indicating that although Cu^2+^ caused oxidative stress, it suppressed apoptosis ([Fig. 6](#fig0030){ref-type="fig"}**A** xi--xi). In contrast, NAC could stop Casp8 and Casp9 induction caused by Cd^2+^, showing that the apoptotic effect of Cd^2+^ was because of oxidative stress ([Fig. 6](#fig0030){ref-type="fig"}**B** xi, xi). Further, Cu^2+^ could reduce the increase in Casp3 activity caused by Cd^2+^ ([Fig. 8](#fig0040){ref-type="fig"}**A** xi--xi, **B** xi--xi), indicating that Cu^2+^ reduced the apoptotic effects of Cd^2+^.

5. Conclusions {#sec0145}
==============

Cu^2+^ and Cd^2+^ caused oxidative stress in ZFL but did not have much effect on oxidative stress related enzyme activity, except for the induction of GR activity (see Graphical Abstract). NAC and BCS reduced Cu^2+^ and Cd^2+^ toxicity. Notably, Cd^2+^ toxicity, not Cu^2+^ toxicity, was due to oxidative stress. In addition, at a low concentration, Cu^2+^ played an antioxidant role in reducing the level of mitochondrial reactive oxygen species. High level cellular Cd level enhance Cu^2+^ absorption. Cu^2+^ could also protect ZFL from the apoptotic effect of Cd^2+^ exposure.
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